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A Survey of Instrumentation Used for Monitoring Metals in Water
Environmental quality control is essential to our health and we11-being. In the past decade, it has become clear that even trace and u1tratrace quantities of certain pollutants can be detrimental.
Numerous sophisticated techniques and instruments have been developed in order to detect, characterize ffi1d monitor these pollutants. To aid laboratories in choosing among the instrumentation and techniques available to help them understand the substances they are analyzing, and to bring them up-to-date on new developments regarding instrumentation and developing techniques, Lawrence Berkeley Laboratory has con- As part of the overall Survey, a study has recently been conducted of instrumentation used to determine metals in water . Several of the teclmiques most commonly used for analysis and routine determinations of metals in water are shown in Table 1 . They are atomic absorption spectroscopy, botl1 flame and f1ameless, atomic emission spectroscopy using conventional flame sources and inductively-coupled plasma sources, and ultraviolet-visible absorption techniques. Other less frequently employed methods are X-ray fluorescence analysis using both photon and ,,' ./ charged particle excitation (PIXE) with energy-dispersive and wavelengthdispersive spectral lli1alysis. Also occasionally used are electrochemical techniques such as anodic stripping voltammetry, and activation methods using neutrons and charged-particles.
When choosing an instrumental technique to monitor or analyze for metals in water, it is essential to consider its advantage and disadvantage with respect to the particular task at hand. Before deciding, the analytical lab should consider the purpose, scope and requirements of the project . Important factors to be considered are whether the instrument is to be used for a routine, repetitive regulatory ftmction or for research, which requires a more flexible instrument, or whether the technique must be used for quantitative dete~lnations, qualitative determination or speciation. Speciation, the determination of the form of the metal present, is becoming increasingly important, since often one form of a metal is found to be more detrimental than another (the most obvious case being the extreme toxicity associated with certain organic mercury compounds). One must also cons ider the time and expertise required in making detenni nations, the sensitivity, accuracy and precision necessary and the expense of the technique in tenns of time, personnel and equipment cost. This paper will first briefly describe the principles of operation and the capabilities of each of the techniques listed in Table 1 . The techniques will then be compared and considered in relation to a variety of water quality criteria.
Instrumental Techniques--Princip1es of Operation

IItom?> Absorpt i on SpectY'oscoPY
Atomic absorption spectroscopy IS based on the principle that metal atoms absorb radiation at frequencies which are characteristic of a particular metal, the amount of light being absorbed a function of its concentration. When a metal, M, in the gas phase is exposed to a source of radiation, whose photon energy, hv, corresponds to the energy difference between the atomic energy levels of the metal, light may be absorbed:
In practice, a solution containing the ana1yte metal (MQ is atomized either by nebulization followed by atomization in a flame, or by means of a f1arne1ess device such as a graphite furnace in which the solution i s dried, ashed or charred and then atomized. Light from a radiation source is passed through the vapor into a monochromator, where it is dispersed into its component wavelengths and then directed, sequentially, onto a detector ( Figure 1 ).
Two types of radiation sources are commonly used: discrete and continuum sources. Most common discrete sourc~s are hollow cathode lamps (HCL) or e1ectrode1ess discharge lamps (EDLs) which emit only the spectrum of the metal or metals from which they are made. With EDLs and HCLs, it is only possible to determine one or two elements at a time (depending on the number of channels in the instrument). To determine another element it is usually necessary to change the source lamp.
Continuum sources, such as D Z lamps, are less frequently used. When us ing continuum sources, it is not necessary to change lamps to determine a number of metals sequentially; however, currently, the low sensitivity 
Atomic Emission Spectrometry
Atomic emission spectrometry CAES) i s based on the principle that a metal atom in a vapor which has been excited can decay to a lower energy state by radiating light:
The frequency of the radiation emitted IS characteristic of the metal atom and its intensity proportional to the concentration of the metal atom In the vapor.
As in AAS, a solution containing t he ana]yte metal is atomized using anyone of a variety of processes . Conventional flame AES uses a nebul izer and fl ame arrangement similar to that des cri bed above for AAS. During atonrization a fini te but small number of atoms are raised to an excited s tate, increasing the sensitivity of the technique, higher ener gy excitation sources have been applied, particularly inductivelycoupled plasma ClCP) sources.
The li ght emitted from the excited metal atoms is directed into a spectrometer and in turn on to a detector. Two types of spectrometers are currently used: a monochromator which sequentially directs the AE spectrometers using a monochromator can be effectively used for qualitati ve and quantitative analyses; however, it is not possible to use such an instrument for simultaneous multielement determination. Perhaps the greatest advantage to the AES coupled to a polychromator 1S its ability to perform simultaneous multielement determination. Some manufacturers provide instruments which can handle as many as 50 elements, but using a polychromator, it is only possible to perform qualitative analyses for those metals which are represented in the detector array.
rt is not possible to determine the form of the metal present using AES with a polychromator or monochromator. ~fumy manufacturers of AE spectrometers using an rcp source provide a scanning monochromator as an option; this allows the analyst the flexibility of the monochromator with the speed of the polychromator. The major disadvantages to the technique are the cost and size of the instrurr,ents. A minimal instrument with ten chm1nels often costs more than $45,000. As is clear from comparing Table 3 , which gives the minimum detection limits for rCP-AES instrumentation, with Table 2 , the sensitivity of rCP-AES is somewhat less than that of atomic absorption techniques.
AES using an rcp source is gaining acceptance, although it has not yet been listed by the EPA as a standard method. At least one rCP-AES is currently in use in the EPA lab in Chicago, which has had the instrument approved for their lab as an alternative method.
For more detailed information on AES the reader is referred to Ref. 7. cNormal flame AA; dhydride generation; ebased on a 10 ~£ samp l e. , -9- ddepending on the Slze sampl e takes
Ultraviolet-Visib le Absorption Spectromet ry
UV-visible spectrometry is perhaps the oldest technique still widely used for the determination of metals in water. The analyte metal or metal ion is converted to a complex which has a strong molecular absorption in the UV-vis.The concentration of the metal complex is then directly related to the absorption of the solution determined by a standard UV-vis or visible spectrometer. This technique is recommended by the EPA 3 for determination of fewer metals than is AAS. The metals for which colorimetric techniques are recommended are listed in Table 4 as are the complexing agents which are recommended for each metal. Also, the detection limits which have been reported using this technique are shown.
The advantages to this technique are its ease of operation and rnaintenance,as well as low cost of the instruments involved. There are several disadvantages. It is necessary to convert all the metal species to the one(s) which will react to form the correct complex, although the different reactivity of metal species t o various complexing agents gives the analyst an opportunity to determine which species are available. It is not possible to perform s imultaneous multielement determinations or qualitative analyses . Finally , it is often necessary to concentrate the s an~le to a solid be fore redissolution, complexization and measurement, which increases the possibility of an error being introduced. The r eader interested in more detailed information regarding UV-vis spectrometry is referred to Refs. 8 and 9.
Anodic Stripping Voltammetr y
Anodic s trippin g voltarnmetry (ASV) is an electrochemical technique -12- that can be used for monitoring trace and u1tratrace quantities of metals in water. Although its sensitivity is generally somewhat greater than that of AAS, the range of metals which can be detected is more limited.
Only the metals listed in Table 5 . Anodic stripping voltammetry is an extremely sensitive teclmique.
The de t ection limits reported for a variety of metals are listed in Table 5 . It is clear that sensitivity is one of the major advantages of this method. Furthermore, ASV can be used to determine ul tratrace quanti ties of metal s in brines without interferences from hi gh concen- Its intensity is a function of the concentration of the metal in the san~le.
Other decay processes are possible, such as auger electrons emission:
M* -+ M + auger electrons or x-ray emission.
The process for decay for most metals is known and is a statistical distribution usually between auger and x-ray emission. For metals with low atomic numbers the auger process is preferred; the x-ray process is preferred for heavier metals.
A number of variations of this technique are currently used; each optimizes the procedure to suit a different situation. There are two common sources of energy for activation: photons and charged particles.
Also, two common methods for an.alyzing the emitted x-ray spectrum are used: energy-dispersive and wavelength-dispersive analysis. References 14 and 15 provide an introduction to the subject.
In energy-dispersive analysis, the spectrum emitted by the sample is allowed to impinge on a semiconductor detector. The associated circuitry then discriminates between the energies of the photons hitting it and counts the number in each energy range. An energy-dispersive spectrometer is shown in Figure 3a . In a wavelength.-dispersive XRF spectrometer, the spectrum emitted by the sample is collimated and -16-directed onto a crystal which diffracts the x-rays and is used to direct successive wavelengths of radiation onto a detector (Figure 3b ).
The advmltages to energy-dispersive XRF are its ability to make simultaneous multielement determinations and the general simplicity of the mechanical design. On the other hand, the electronics involved are quite complex and the resolution achieveable is only ~ 150 keY, which is satisfactory to resolve the frequencies emitted by many high Z elements, although it is sometimes necessary to use a computer to deconvolute the spectra if elements of lower Z are involved.
Wavelength--dispersive analysis can be used for multielement simultaneous determination only when a complex multicrystal spectrometer is used. However, for routine determination of a single element repetitively, it lS extren~ly valuable. Furthermore, the resolution observed is less than 10 keY which makes it possible to determine the oxidation state of the element present (for exmnple +6 +2 .
S from S ) and deconvolutIOn of the spectrum is rarely necessary for analyses of the total metal. 17 A disadvantage is that even a single crystal instrument is mechanically complex, although the electronics involved are simple.
The techniques are particularly useful for trace analysis in solid samples or samples collected on filters such as seclimental or biological specimens, and suspended solids, since 1i ttle or no sample preparation is necessary. (The values reported in Table 6 are actually results for a variety of air smnples.) 'fhe technique is easily automated.
However, for aqueous samples, extensive preparation is necessary .
Here the sample is usually taken to dryness or absorbed onto a variety of materials. By using these preconcentration techniques, extremely -13-low detection limits can be achieved (see Table 7 ); however, preconcentration can be time consuming, tedious and may introduce errors.
All these methods of using XRF are accurate and precise. Detection limits obtainable for all these are compared in 
Neutron Activation Analysis
Neutron activation analysis (NAA) relies on bombardment of the sample by neutrons to induce radioactivity. The photon energy and intensity of the induced radiation is then measured, usually by a gamma ray spectrometer.
The technique is sensitive, accurate and precise. The reproducibility of the technique can be seen from . "
, .,
-19- after a low neutron flux density, but then a second count is made about two weeks after a second, higher flux density activation. And lastly, highly skilled personnel are necessary to run and maintain the equipment.
Water Quality Criteria
While the techniques and instruments for determination of metals in water have good sensitivity, water quality criteria for metals in water are often extremely stringent. Table 9 gives water criteria for several metals in waters used for a variety of purposes. Two types of criteria are given. First are the maximum contaminant levels allowed in drinking water by the Federal Safe Drinking Water Act (P.L. 93-523). Second are the minimum water quality criteria recommended by the EPA for waters used 24 25 for a variety of purposes. ' In its recommendation, the EPA sets limits as appropriate for each metal in water used for a specific purpose (e.g. ,domestic consumption, irrigation, freshwater aquatic life, etc.). Table 9 O. Olx 96 hr LC50 (1 -5 bU.S. Environmental Protection Agency, Quality Criteria for Water (July, 1976) . COften the criterion is expressed in relative terms, such as 0. 01 times the 96 hour lethal concentration for 50% of the fish present (wri tten 96 hr LC50 or LC50) based on a sensitive species. In these cases, examples of sensitive species are given and the criteria calculated based on the 96 hr LC50.
dIn t~ese two cases only 48 hr LC50's were given for the sensitive specIes. eFrom NAS,NAE, Water Quality Criteria, 1972 Criteria, (1974 .
case, the tabie includes the relative criterion (e.g., 0.01 x 96 hr. LC50) and a specific example of the absolute criterion which might be derived . For example, for copper, the 96 hour LC50 for rainbow trout is 0.020 mg/l; the criterion is 0.1 x the 96 hr LC50 and therefore the derived absolute criterion is 2 ~g of Cull, if the body of water contains rainbow trout.
Trace levels have been reconllnended for all the metals listed. Many (e.g., arsenic, cadmium, lead, mercury, chromium) are known to be toxic to man. Others (e.g., boron, vanadium), ,~hile relatively harmless to man, may be more harmful to other forms of life.
For arsenic, barium, chromium and selenium, the primary drinking water standards and the most stringent water quality criteria are the same, (50, 1000, 50 and 10 ppb respectively) for carunium and mercury; the criteria for freshwater aquatic life of 0.4 and 0.05 ppb (~g/ l) are substantially less than the primary drinking water standards (10 and 2 ppb). Often the relative criteria result in absolute values which are substantially less than those for the same metal in drinking water (see copper, lead, and silver). It is interesting to realize that often the most sensi ti ve species being protected are common food species, trout, salmon, oysters or clams. Trace metals are not only toxic to young trout and salmon, they can seriously influence breeding and spawning characteristics of the adult fish. Trace metals can be harmful to oysters and clams, but these metals can also be concentrated by them until the shellfish thenLsel ves become toxic or harmful to man.
Instrumental Detection Limits vs . IVater Qual i ty Criteria
Because of the proven toxicity or detrimental nature of many metals
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,.1 -25 -when in the aqueous environment, it IS important to determine their presence accurately and precisely.
As a preliminary procedure, to determine the effectiveness and scope of the above techniques in determining metals in water at the concentrations recommended, a comparison has been made of the minimum detectable limit, mdl, reported for each technique that is found in the technical and reviewed literature. The mdl was chosen since it is a figure often quoted as providing a rough measure of the sensitivity of a variety of instruments and techniques. highly dependent upon the size sample that ': the analyst has and is willing to preconcentrate . The values for ASV are also relative since preconcentration is involved .
. Table 10 raises many questions regarding the adequacy of current instrumental procedures to produce meaningful data at the levels specified by the criteria. For example, flame AAS is the most commonly used technique for determining all five metals--and yet the minimum detection limits reported by the manufacturers for flame AAS for these five metals are actually higher than the criteria for cadmium, lead and mercury.
I f one examines the detection limits reported for all the techniques for mercury, none are lower than the criterion for fish and wildlife (0.05 ppb). For the other metals, the manufacturers report that flameless AAS has a lower detection limit than the criteria, although for lead, the mdl is only of the same order of magnitude. For arsenic and chromium, all three techniques have mdls reported which are lower than the criteria.
Nevertheless, it lS clear from comparing the mdl with the criteria that it would be difficult to obtain meaningful results using these t echniques without some prior concentration. It is important to remember when considering mdls that these are often reported using samples analyzed under optimal conditions, not the environmental samples which must be analyzed and may be heavy with sewage, sediment or algae, or have a high salini ty or merely interfering ions . Nor do mdls take into consideration the errors which could be introduced in sampling, transport , chemical pretreatments or preconcentration. The EPA ran quality assurance tests and the percentage standard deviations for the standard methods for these metals near the Safe Drinking Water criteria were: As, ±S%; Cd, 78%; Cr, 39%, Pb, 48%; and Hg, 43%.
Clearly, a comparison of detection limits is only a first step in considering the technique which is to be used and in evaluating a monitoring strategy. Other factors considered for each instrumental technique are the range of metals which can be monitored using a single technique or instrument, and the capacity of the instrument for making simultaneous multielement determinations and qualitative analyses. 
It is also necessary, of course, to consider the scope of the monitoring program as a whole, its purpose and goals. One must consider the entire group of pollutants to be determined, the set of metals to be monitored, the number of measurements to be performed and how often they must be repeated.
Most monitoring programs, currently active, involve monitoring for a specific set of metals, as is required by most regulatory agencies.
Two important factors are often ignored: speciation and qualitative analyses for unsuspected pollutants. Rarely is speciation required, yet it is clear that methyl-mercury is far more toxic than is inorganic mercury, and Cr(VI) is a suspected carcinogen, whereas Cr(IrI) is still believed to be relatively harmless.
Qualitative analysis is rarely required, yet it might reveal the presence of unsuspected metals which are themselves dangerous. It could establish the presence of metal ions or forms which have an antagonistic or synergistic effect with the kno~~ ions, thereby changing the interpretation of the data concerning the effect of the known ion on the measurement or the environment.
Summary
As a result of the survey, it is clear that several issues must be explored in greater detail. First, one must consider the value of measurements made, when under the best conditions the detection limit of the instrument used is of the same order of ma~1itude as the quantity of metal to be measured and when standard deviations run around 30-50%.
Secondly, one must establish a balance between the sensitivity required of the instrument whi ch is used and the skill of the operator required 
